Previous studies (6, 7) have shown that high PEP' carboxylase activities are found in green tomato fruit tissues; this finding was subsequently confirmed (12). More recently, we demonstrated that the incubation of tomato tissues with "4C-bicarbonate in the light results in the incorporation of radioactivity into malate and RPPC compounds (8). The external pericarp of thE fruit, the flesh, contains a relatively high RuDP carboxylase activity and exhibits a large incorporation of "4CO2 into RPPC compounds. There is also a pronounced labeling of malate, as a result of the very high PEP carboxylase activity of the flesh. In the internal pulp, however, "4C incorporation into RPPC compounds is very low, consistent with the very low RuDP carboxylase activity demonstrated in this tissue (8) .
Previous studies (6, 7) have shown that high PEP' carboxylase activities are found in green tomato fruit tissues; this finding was subsequently confirmed (12) . More recently, we demonstrated that the incubation of tomato tissues with "4C-bicarbonate in the light results in the incorporation of radioactivity into malate and RPPC compounds (8) . The external pericarp of thE fruit, the flesh, contains a relatively high RuDP carboxylase activity and exhibits a large incorporation of "4CO2 into RPPC compounds. There is also a pronounced labeling of malate, as a result of the very high PEP carboxylase activity of the flesh. In the internal pulp, however, "4C incorporation into RPPC compounds is very low, consistent with the very low RuDP carboxylase activity demonstrated in this tissue (8) .
In the present report we attempt to correlate malate metabolism and photosynthetic activities in tomato tissues. Precursors differentially labeled with 14C were vacuum-infiltrated into tissues in darkness and the appearance of radioactivity in other metabolic intermediates in the light, especially RPPC compounds, sugars, and starch, was followed. A complementary ' Abbreviations: PEP: phosphoenolpyruvate; RuDP: ribulose diphosphate; PS: photosystem; RPPC: reductive pentose phosphate cycle; CAM: Crassulacean acid metabolism; ME: malic enzyme.
technique involved the administration of a 15-sec pulse of "4CO2 in darkness, thereby labeling almost exclusively the malate pool(s) in cells. Labeled malate was then "chased" by incubating the tissues in the light and studying the appearance of other labeled compounds in order to determine the eventual flow of carbon atoms from malate into RPPC compounds.
The results show that only a small rapidly turning over malate pool seems very active. It can originate from the fixation of respiratory CO2 and can be the precursor of RPPC compounds.
MATERIALS AND METHODS
Fruits of the cherry tomato (Lycopersicum esculentum var. cerasiforme Dun A. Gray) were picked at stage a (8) . The experiments reported here were performed during the summer when fruits exhibit high photosynthetic activities (8) .
The extraction and determination of malate in tissues were performed as previously described (3, 8) .
Vacuum-infiltration of Labeled Precursors. Fruit tissues were mechanically separated into the firm outer flesh and the jellylike internal pulp. Four hundred mg of flesh were cut into 0.5-mm cubes and 800 mg of pulp were gently dispersed. '4C-4-or '4C-3-malate or '4C-2-pyruvate, 100 to 200 uCi of each (specific radioactivity 2-10 mCi/mmol), were infiltrated into tissues in darkness with two successive 1-min periods of vacuum. The infiltrated tissues were then rinsed, drained, and finally placed in Petri dishes whose center wells contained a small amount of 40% KOH to trap any CO2 liberated. The incubation vessels were then sealed with adhesive tape and were placed either in white light (40 w/m2) or in darkness at 20 C. The "4CO2 liberated and subsequently trapped by the base was determined by counting small aliquots of KOH in a scintillation counter. The extraction and analysis of labeled metabolic intermediates were performed as previously described (8) .
"4C-2-Pyruvate was purchased from the C.E.A., Saclay, France, and was purified prior to use by paper electrophoresis at pH 4.5 (3). '4C-4-and '4C-3-malate were prepared from DL-4C-4-and DL-'4C-3-aspartate as previously described (3 (Table I) , with the simultaneous formation of 14CO2 and stable radioactive intermediates. These variations in the amount of malate metabolized could reflect a number of metabolic phenomena, including differences in the turnover rates of malate, differing rates of malate penetration into cells, or variable proportions of malate being trapped in intracellular and metabolically inactive spaces. We thus normalized the data to the actual quantity of malate metabolized. In flesh tissue incubated in darkness or in the light + DCMU, 74% of the metabolized radioactivity is recovered as G4CO2, while this figure decreases to 54% after an incubation in the light. The synthesis of sugars and starch was highly light-dependent and was inhibited 96% in the light + DCMU. These data strongly suggest that a certain amount of "4CO2 liberated by the metabolism of "4C-4-malate is subsequently incorporated into RPPC compounds via the Calvin cycle. In addition, about 20% of the metabolized C-4 of malate is incorporated into glutamate and C-6 acids (citrate + isocitrate) in a light-independent process. Thus, a certain proportion of exogenous malate enters the mitochondria and is transformed therein by the tricarboxylic acid cycle, giving "4CO2.
"4C-4-Malate is metabolized quite differently by the pulp in the light. Approximately 88% of the metabolized 14C was recovered as "4CO2 (Table I ). These data are consistent not only with the relatively high respiratory activities of this tissue, but also with the low CO2 fixation ability observed in vivo (8) . The apparently low rate of malate penetration into the pulp could be a result of a low permeability of the plasma membrane of the cells toward malate, or more probably due to the fact that the pulp contains an unusually large malate pool (8) which leads to a significant isotopic dilution of the exogenous malate.
When 14C-3-malate was infiltrated into flesh and the tissue was subsequently incubated in the light or in darkness, about 25% of the input radioactivity was metabolically transformed (Table I) , of which 14% appeared as "4CO2. The majority of the incorporated radioactivity was found as C-6 acids. Incubation of the tissue in the light resulted in 15% of the label appearing in sugars and starch; their synthesis also occurred in darkness (25% of that observed in the light) by a pathway other than the light-dependent Calvin cycle.
In our experiments labeled products arising from malate metabolism can result from both the metabolism of malate molecules themselves and the metabolism of labeled pyruvate which is formed during the decarboxylation of malate. In order to investigate the metabolic fate of the pyruvate thus formed, "4C-2-pyruvate was infiltrated into the tissues as was malate. After a 3-hr incubation, flesh tissue metabolized about 90% of the pyruvate presented (Table I ). Radioactivity as "4CO2 represented only 10 to 15% of the "4C originally present as pyruvate. About 6% of the radioactivity was recovered as starch and sugars in the light and nearly half of this incorporation was both DCMU-resistant and light-independent. These data suggest that 50% of the labeling of photosynthetic compounds results from the occurrence of a presumable Calvin cycle-independent pathway; the additional 50% of label would arise from the photosynthetic fixation of the "4CO2 released by the activity of the tricarboxylic acid cycle (1).
Thus, the comparison of the metabolism of 14C-3-malate and 4C-2-pyruvate (Table I) indicates great similarities.
In the pulp, the metabolism of '4C-2-pyruvate is sluggish compared to the flesh; the pulp metabolizes 2.5 times less pyruvate than the flesh (Table I) , but the qualitative distribution of label is similar in the two tissues. Whereas incorporation into starch and sugars is comparable in the two tissues, the pulp incorporates more radioactivity into unidentified soluble compounds. (8) . When these tissues are subsequently placed under conditions of photosynthesis in the presence of nonradioactive bicarbonate, it should then be possible to study the fate of the malate pool(s) as well as the relationships between this compound and RPPC compounds.
As shown in Table II , the radioactivity of the malate pool rapidly disappeared during the chase period, especially in darkness; after 3 min in unlabeled bicarbonate, a 23% decrease of label in the malate pool was observed, as opposed to 15% when the incubation was in the light, indicating a relatively rapid turnover of the malate pool. After a 10-min chase, the corresponding figures were 37% in darkness and 23% in the light, which are not very different after 15 min.
The labeling of RPPC compounds observed during chase incubations in the light is greater than the decrease in radioactivity of the malate pool. In addition, the total radioactivity recovered in samples incubated in the light is greater than that found in controls at the beginning of the chase. Although the data are not consistent with the decarboxylation of malate furnishing the totality of CO2 to be ultimately fixed by the RPPC, we suggest that this decarboxylation contributes "4C02 to an intracellular C02-bicarbonate pool which is supplemented with "4CO2 which was not effectively chased. Thus, any direct relationship between malate and the RPPC cannot be clearly established by these experiments.
The data reported in Table II Figure 1 . It indicates a multiphasic process governing malate disappearance, suggesting that "4C-malate molecules enter at least two distinct subcellular compartments. The rate of malate disappearance during an initial period was estimated by constructing a straight line between the points corresponding to 0 (control) and 3 min of chase. The calculated turnover times (t05) for the disappearance of half of the labeled malate pool at the beginning of the chase are 8 min in darkness and 12 min in the light.
In conclusion, the turnover of malate molecules which are formed during the pulse of flesh tissue with "4C-bicarbonate in darkness is rapid, at least during an initial phase and particularly in darkness. In any case, our data are only approximate, since initial first order kinetics behavior is presupposed, and the data obtained thus represent overestimations. Table II . Pulse-chase experiment with CO in the flesh of cherry tomato fruit.
Fruit tissue was pulsed in darkness with CO2 and the distribution of label during a subsequent chase in darkness or in the light was determined The pulse was for 15 sec and the chase was in the pres- These data demonstrate the existence of a relatively active malate pool in the flesh. High activities of certain enzymes involved in malate metabolism in plant tissues (9) have been detected in extracts of cherry tomato fruit including PEP carboxylase (8), malic dehydrogenase (NAD-and NADP-dependent) (not shown), and ME (NADP-dependent). However, we failed to demonstrate the presence of two enzymes involved in the regeneration of PEP from pyruvate, i.e. pyruvate phosphate dikinase (5) and PEP carboxykinase (2) . These enzymes seem to be crucial for the operation of photosynthetic C-4 metabolism (2).
There is no considerable accumulation of malate in the dark in tomato tissues perhaps a result of the exceptionally high metabolic activities in darkness (Table II and Figure 1) .
During the growth of the fruit, malate resulting from the fixation of a part of respiratory CO2 is stored in vacuoles or is metabolized by the citric acid cycle and thus may give rise to glutamate for protein synthesis. Other physiological roles played by malate molecules in the green fruit remain speculative.
